Abstract: Obesity is responsible for inducing various metabolic diseases. Laboratory-bred cynomolgus monkeys exhibit spontaneous onset of obesity. However, to date, no blood chemistry index to identify the state of obesity in cynomolgus monkeys has been determined. In the present study, to determine such an index, we measured the serum levels of two adipocyte-derived hormones, leptin and adiponectin, and evaluated the relationship between these hormones and other serum energy metabolic factors (i.e. insulin, total protein, glucose, total cholesterol and triglyceride) as well as the percentage of body fat (%Fat) in mature cynomolgus monkeys. Both in females and males, leptin was positively correlated with insulin and %Fat, and adiponectin was negatively correlated with insulin and %Fat. In female cynomolgus monkeys, leptin, adiponectin, and glucose were selected as the most important determinants for %Fat in multiple regression analysis, and in male cynomolgus monkeys, leptin was selected. The ratio of leptin to adiponectin (L/A ratio) was significantly elevated in the animals with %Fat over 40 (P<0.01). The results indicate that L/A ratio is a potential index for comprehensively identifying obesity in cynomolgus monkeys.
Introduction
Obesity is responsible for inducing several diseases, including diabetes mellitus, dyslipidemia, and cardiovascular diseases [17] . Obesity occurs due to an imbalance between energy intake and expenditure, resulting in a net increase in the storage of body energy primarily as fat. Cynomolgus monkeys as a laboratory-bred animal model are restricted to a limited space. Therefore, abundant food and reduced activity easily induce an imbalance between energy intake and consumption in these animals, thus causing obesity [6] . In humans, excess adipose tissue is related to increases in certain blood components, such as cholesterol, triglyc-eride, and neutral fatty acid. [15] . In cynomolgus monkeys, no comparable obesity index of blood chemistry has been determined to date.
The traditional role attributed to adipose tissue is energy storage, fatty acids being released when fuel is required. However, recent researches have revealed that adipose tissue performs complex metabolic and endocrine functions. For example, leptin and adiponectin, the hormones derived from adipocytes, are associated with the control of energy homeostasis [9] . Leptin is thought to provide information about nutritional status and fat mass to neural centers regulating feeding behavior, appetite, and energy expenditure [2] . Adiponectin is thought to increase insulin sensitivity and tissue fat oxidation resulting in reduced circulating fatty acid levels and reduced liver and intramyocellular triglyceride content [3, 8] . In humans, the level of leptin increases and the level of adiponectin decreases with obesity [5, 18] . Although the mechanisms and processes of these hormones remain unclear, they supposedly are involved in regulation of energy metabolism and manifestation of obesity.
No definite blood chemistry index has been yet found that associates with obesity in cynomolgus monkeys. We previously suggested the %Fat level as an indicator of obesity in cynomolgus monkeys [14] . The %Fat level is defined as the percentage of fat in soft parts of the body (body weight excluding bone mass). In female cynomolgus monkeys, the %Fat values of obese subjects were found to be over 40. The disadvantage of using %Fat as an indicator is that measuring the %Fat level by dual-energy X-ray absorptiometry (DXA) is labor intensive and time consuming. Therefore, we sought to find serum parameters that are related to the accumulation of fat tissues directly and that can be easily used to define the degree of obesity.
In the current study, we measured the serum levels of two adipocyte-derived hormones, leptin and adiponectin, in cynomolgus monkeys, and examined the relationship between these hormones and other serum energy metabolic factors (i.e. insulin, total protein, glucose, total cholesterol and triglyceride) as well as %Fat. Our objective was to find a blood chemistry index which is related to the obesity of cynomolgus monkeys.
Materials and Methods

Animals
This study involved 44 female and 40 male cynomolgus monkeys ranging in age from 7 to 36 years old, reared under conditions described previously [11] . All animals were bred and reared at the Tsukuba Primate Center (TPC), National Institute of Infectious Diseases, and were individually housed under controlled conditions: temperature 25 ± 2°C, relative humidity 60 ± 5%, and 14 h of light per day (from 5 a.m. to 7 p.m.). The monkeys were fed apples (100 g/day each) in the morning and commercial monkey diet (Type AS, Oriental Yeast Co., Ltd. Tokyo, 70 g/day each, about 1.5% calcium content) in the afternoon. No animal showed signs of clinical disorder or pregnancy during the study period. The study was conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the National Institute of Infectious Diseases.
Serum Measurement
Animals were anaesthetized by 10 mg/kg ketamine hydrochloride after 16 h fasting. Blood was drawn from the femoral vein at about 10:00 a.m., kept overnight at 4°C and then centrifuged to obtain serum samples for biochemical examination. The leptin concentration was determined by radioimmunoassay (RIA) using a commercial primate leptin RIA kit (PL-84K, Linco Research, Inc., USA), and adiponectin concentration was determined with an adiponectin RIA kit (HADP-61HK, Linco Research, Inc., USA). The insulin concentration was determined using an enzyme immunoassay (EIA) with an IMx Analyzer (Dainabot Ltd., Tokyo). The inter-assay coefficients of variation for leptin, adiponectin, and insulin were less than 10%, and the intra-assay coefficients of variation were less than 5%. The four rest energy metabolic factors, total protein concentration (TP), glucose concentration (GLU), total cholesterol concentration (TCHO), and triglyceride concentration (TG), were measured using a serum auto-analyzer (AU510, Olympus Co. Ltd.).
%Fat Measurement
Dual-energy X-ray absorptiometry (DXA; Model DPX-α, Lunar Corp.) was used to measure total body mass (e.g., total bone mass, total lean mass, total fat mass) as previously described [10] . The %Fat level was calculated as %Fat = 100 × fat mass / (fat mass + lean mass).
Statistical Analysis
The results are reported as mean ± SE. The gender differences of leptin and adiponectin were assessed by Student's t-test. The relationship between %Fat and the seven serum biochemical parameters (leptin, adiponectin, insulin, TP, GLU, TCHO and TG) was examined by simple linear regression analysis and evaluated using the correlation coefficient (r). The relationship between %Fat and the association of these seven individual parameters was determined by multiple regression analysis. The deductive multiple regression model was judged by the coefficient of correlation (r) and determination (R 2 ). The effects of gender and %Fat on the ratio of leptin to adiponectin (L/A ratio) were assessed by a two-way analysis of variance (ANOVA) and P<0.05 was considered significant.
All statistical tests were done using a commercially available statistical program (Multivariate Analyses for Excel, Esumi. Co., ver. 4.0).
Results
The purpose of this study was to examine the serum levels of two adipocyte-derived hormones, leptin and adiponectin, and to evaluate the relationship between these hormones and obesity in cynomolgus monkeys.
Measurement of 44 female and 40 male cynomolgus monkeys showed that the leptin levels were 7.41 ± 6.35 ng/ml and 3.70 ± 4.02 ng/ml, respectively, and that the adiponectin levels were 71.31 ± 28.22 ng/ml and 76.78 ± 36.73 ng/ml, respectively. The levels of leptin in the females were statistically significantly higher than those in the males (P<0.01), whereas the levels of adiponectin were not significantly different.
Both in female and male cynomolgus monkeys, serum leptin concentration was positively correlated with %Fat (female, r=0.706, P<0.01; male r=0.843, P<0.01) (Fig. 1) , whereas serum adiponectin concentration was negatively correlated with %Fat (female, r=-0.553, P<0.01; male, r=-0.699, P<0.01) (Fig. 2) .
While associated with other energy metabolic factors, both leptin and adiponectin were significantly correlated with insulin (P<0.05) ( Table 1) .
The contribution of the serum biochemical parameters to obesity was evaluated here by using multiple regression analysis to determine the relationship between the association of these serum parameters and %Fat ( Table 2 ). The correlation between %Fat and the serum parameters was highly significant both in female (r=0.862, P<0.01) and male (r=0.890, P<0.01) cynomolgus monkeys. A multiple regression model that accounted for leptin, adiponectin, and glucose explained 74.3% (R 2 =0.743) of the variance in %Fat of females, and a model that accounted for leptin explained 79.3% (R 2 =0.793) of the variance in %Fat of males. The ratio of leptin to adiponectin (L/A ratio) was calculated and found to be markedly elevated in the animals with %Fat over 40 (Fig. 3) . We divided the animals into two groups according to their %Fat values, less than or over 40%. Two-way ANOVA (gender × %Fat) revealed that the L/A ratio was significantly increased in the group of %Fat over 40 (P<0.01). The gender difference of the L/A ratio was not significant. 
Discussion
Cynomolgus monkeys are one well-known primate animal model and are similar to humans in their reproduction, physiology, etc. While being reared in the laboratory, these monkeys are held in small cages and their daily activity is thus restricted. This restriction in addition to abundant food supply makes it easy to induce obesity in the monkeys due to the imbalance between energy input and output. In the breeding colony at TPC, cynomolgus monkeys show obesity spontaneously [6] . Therefore, identification of the state of the fat storage in the body and prevention of the possible consequent diseases are important concerns that need study. Because cynomolgus monkeys are not the same as humans, it is difficult to confirm obesity in these monkeys from the metabolic parameters normally used in humans, such as cholesterol and triglyceride [7, 16] . Leptin and adiponectin are recently discovered hormones derived from adipocytes. In this study, we examined the serum levels of leptin and adiponectin in cynomolgus monkeys and tried to find a suitable index to identify the obesity status of cynomolgus monkeys.
Serum leptin concentrations in cynomolgus monkeys appear to be very similar to those reported in humans [1] . In both species, the average leptin level in females is higher than that in males. Both in female and male monkeys, leptin was positively correlated with %Fat level (Fig. 1) . The linear relationship between leptin and %Fat in the monkeys reinforces evidence for the relationship between leptin secretion and adipose tissue mass in the regulation of body weight and adiposity. Obesity has long been associated with hyperinsulinemia [15] . Our data for cynomolgus monkeys showed a positive correlation between leptin and fasting insulin but lacked association between leptin and fasting glucose ( Table 1 ). Bodkin's study of rhesus monkeys also revealed that leptin was related to acute insulin response induced by glucose administration but not to fasting glucose or glucose tolerance [4] . Therefore, leptin was not considered as playing a direct role in the development of hyperglycemia. In addition to the recent finding of mouse leptin receptors located in choroids plexus and hypothalamus [13] , adipocytes and beta-cells of the pancreas are supposedly linked by leptin receptors or via a common central nervous system (CNS) pathway. Serum adiponectin concentrations were negatively correlated to %Fat level and insulin, i.e., adiponectin decreased in obese cynomolgus monkeys ( Fig.2 and Table 1 ). This observation was similar to those found in mice, humans, and rhesus monkeys [8, 12, 18] . Low levels of adiponectin have been previously proposed to be a critical link between obesity and insulin resistance. Administration of adiponectin in mice induced weight loss without decreasing food intake, reduced serum glucose without stimulating insulin secretion, improved glucose tolerance associated with decreased triglyceride content of muscle and liver, and increased fatty acid oxidation in muscle [9] . Although effects of adiponectin on the CNS could not be excluded, adiponectin was suggested in those studies to act directly on the liver.
Multiple regression analysis was done to evaluate the contribution of the serum energy metabolic factors to obesity. The absolute values of the standard regression coefficients indicate the importance of each parameter in this analysis. In female cynomolgus monkeys, leptin, adiponectin, and glucose were selected as the most important determinants for %Fat in the multiple regression analysis, and in male cynomolgus monkeys, leptin was selected ( Table 2 ). The results reinforce evidence for obesity in cynomolgus monkeys being closely related to the adipocyte-derived hormones, leptin and adiponectin.
The effects of leptin and adiponectin on energy metabolisms differ; leptin affects the central regulation, whereas adiponectin affects the peripheral regulation. We therefore propose the ratio of leptin and adiponectin (L/A ratio) as an index of the degree of obesity as a comparatively comprehensive obesity index of blood chemistry. Examination of the relationship between L/ A ratio and %Fat led to an interesting result, the L/A ratio was increased significantly in the animals with %Fat over 40. This result coincided with that of our previous study on identifying obese animals [16] , in which we established a method that used dual-energy X-ray absorptiometry (DXA) to measure the %Fat in the soft tissue of female cynomolgus monkeys. Combining the relationships between the %Fat level and hematological and serum biochemical properties, female cynomolgus monkeys were classified in that study into three categories according to their %Fat level, i.e., normal animals were considered to be those animals with %Fat of 25-35, boundary animals had %Fat of 35-40, and obese animals' %Fat was over 40. In the present study, the elevation of the L/A ratio in the animals with %Fat over 40 indicates that the L/A ratio is a potential index for identifying obesity in cynomolgus monkeys.
In conclusion, we investigated the serum levels of two adipocyte-derived hormones, leptin and adiponectin, in cynomolgus monkeys. Both in female and male monkeys, leptin and adiponectin were significantly correlated to %Fat and insulin. The L/A ratio is proposed as a potential index for comprehensively identifying obesity in cynomolgus monkeys.
